Properties of new unflavored mesons below 2.4 GeV 
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The global features of spectrum of highly excited light nonstrange mesons can be well understood 
within both chiral symmetry restoration scenario combined with the relation ^ J ~\- n and 
within nonrelativistic description based on the relation ^ L + n. The predictions of these two 
alternative classifications for missing states are different and only future experiments can distinguish 
between the two. We elaborate and compare systematically the predictions of both schemes, which 
may serve as a suggestion for future experiments devoted to the search for missing states. 
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I. INTRODUCTION 

In recent years many new data on unflavored mesons 
have appeared in the section " Further States" of Particle 
Data Group [Ij. The main source for these data came 
from the Crystal Barrel experiment, where plenty of new 
states were observed in the proton-antiproton annihila- 
tion in the energy range 1.9-2.4 GeV 2, 3]. The obtained 
spectrum remarkably confirmed the approximate linear- 
ity of both Regge trajectories and radial Regge trajec- 
tories (or, equivalently, the equidistance of daughter tra- 
jectories). An important feature of the spectrum is that 
the slopes of both types of trajectories are almost equal, 
i.e., the following relation can be written (see, e.g., [jjQ 
for discussions): 
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J 



(1) 



where i denotes a set of quantum numbers, J is the spin, 
n is the "radial" quantum number, and q is a constant. 
Theoretically such type of mass formulas appeared in 
dual 0, hadron string Q, and AdS/QCD Q] models. 
The experimental spectrum of unflavored mesons reveals 
a clear-cut clustering of states near certain equidistant 
values of masses square which implies that the con- 
stants Ci should be equal or differ by an integer. If we fit 
the experimental data by means of Eq. ([1]), the constants 
Ci will not be universal and a relation between different 
Ci a priori is not clear. 

However, instead of Eq. (fT|), one can consider its non- 
relativistic analog 

[1 [13, [Hill, 
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with the angular momentum of quark-antiquark pair L 
being related to the total spin J as J = L, L± 1 depend- 
ing on the mutual orientation of the quark/antiquark spin 
.3. It turns out that the angular momentum assignment 
can be chosen such that the constant c will be approxi- 
mately universal, as is written in Eq. 0. This means, in 
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particular, that L and quark spins s can be added as in 
the usual quantum mechanics. Such a physical picture 
is quite unexpected because light mesons are ultrarela- 
tivistic systems, therefore L and s cannot be separated, 
a conserved quantum number is the total spin J, while 
L would be conserved with the spinless quarks only. The 
validity of Eq. ^ could be a nontrivial consequence of 
the asymptotic suppression of th e sp in-orbital correla- 
tions in excited hadrons 

Relation ([2]) implies a duplication of states in the chan- 
nels where the resonances can be created by different an- 
gular momentum. For instance, the vector mesons can 
have either L = or L = 2 (the so-called S- and D-wave 
mesons in the quantum-mechanical terminology), hence, 
they are duplicated. Experimentally such a duplication 
is well seen 0, [1]. In practice, the separation of reso- 
nances into the states with different angular momentum 
can be achieved by using the polarization data. Follow- 
ing this method, the experiment of the Crystal Barrel 
Collaboration obtained a good separation for the states 
with (C,/) = (-fl,0),(-l,l) [i|. The separation in other 
channels should be tentatively guessed. As long as one 
accepts a nonrelativistic framework, the parity of quark- 
antiquark pair is defined as P = (—1)'^+^. The states 
with maximal L at given mass are then parity singlets, as- 
sociating them with the resonances on the leading Regge 
trajectories, we obtain a correct qualitative picture of the 
known experimental spectrum. 

Another pattern of parity doubling is predicted by the 
chiral symmetry restoration (GSR) scenario (see [IJl for 
a review). If effective GSR occurs high in the spectrum, 
the chiral multiplets become complete. In particular, this 
implies the absence of parity singlet states among highly 
excited hadrons. Within the GSR picture, the duplica- 
tion of some trajectories appears due to an assignment of 
states on these trajectories to different chiral multiplets. 

The classifications of states based on GSR and the ones 
based on Eq. ^ cannot coexist because the relativis- 
tic chiral basis and the nonrelativistic n^^^^Lj basis are 
incompatible [l5| . the chiral basis, however, can meet 
Eq. dl]). 

Thus, an intriguing problem emerges — which alter- 
native (if any) is realized in nature? The answer can 
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be provided by examining the phenomenological imph- 
cations of the possibihties above, such as spectroscopic 
predictions. A phenomenological analysis of these pre- 
dictions is still absent in the literature and the present 
paper is intended to fill in this gap, providing thereby 
a stimulus for the search of new states that distinguish 
between the two alternatives. 

We will show by an explicit assignment of mesons ac- 
cording to the quantum numbers {L,n) that relation ([2]) 
describes the spectrum of practically all confirmed and 
unconfirmed unflavored mesons except the masses of 
Goldstone bosons. There are only eight missing states 
below 2.4 GeV, which allow to justify or falsify the classi- 
fication in future. The CSR scenario predicts these eight 
states as well, but it predicts also many missing states 
beyond them. 

The paper is organized as follows. In Sec. II we remind 
the reader of some phenomenological ideas concerning 
the origin of linear spectrum and estimate qualitatively 
an expected value for the constant c in Eq. Sec- 
tion III contains our phenomenological analysis and pre- 
dictions. We conclude in Sec. IV. 



II. THEORETICAL DISCUSSIONS 

Let us present some known heuristic arguments in fa- 
vor of linear spectrum. For high radial or orbital excita- 
tion, a meson state can be considered quasiclassically as 
a pair of relativistic quarks interacting via a linear poten- 
tial. Consequently, neglecting the quark spin, the meson 
mass can be written as 

M = 2p + ar, (3) 

where p is the relativistic quark momentum and a is the 
string tension. The maximal length of the chromoelectric 
flux tube between the quarks is I = M/a. Applying the 
quasiclassical (WKB) quantization condition, 

/ pdr = nn, (4) 
Jo 

with the momentum p taken from Eq. ([3]) , one obtains 

- n. (5) 

A "next-to-leading" correction to the presented picture 
can be considered. It comes from the Bohr-Sommerfeld 
quantization condition ([4]): n must be replaced by n-l-7, 
where 7 is a constant of order of unity characterizing the 
nature of turning points. In Eq. fS]) one deals with a cen- 
trosymmetrical potential. It is well known (see, e.g., (l6| ) 
that in this case 7=5. Hence, the corrected linear spec- 
trum is 

M^^Ti-t-i. (6) 

Exactly this type of spectrum is predicted by the 
Lovelace- Shapiro dual amplitude fl^ , where 7=5 comes 



from the Adler self-consistency condition (at p^ = mj, 
the TTTT scattering amplitude is zero). In some chan- 
nels this spectrum appeared naturally within the QCD 
sum rules fisj, where 7=5 stems from the absence of 
dimension-two gauge-invariant condensate. Recently the 
intercept ^ has been reported within a holographic dual 
of QCD (the second reference in @). 

Specific boundary conditions can lead to another value 
for 7. We mention the following possibilities: identified 
ends (closed string) correspond to 7 = 0, S-wa.ve states 
correspond to 7 = |, infinite potential walls at the ends 
correspond to 7 = 1. The first possibility is unrealistic 
for mesons, thus in a general case we expect 7 to lie in 
the interval 5 < 7 < 1. 

According to Regge theory and simple hadron string 
considerations, Af^ is also linear in the angular momen- 
tum L (Chew-Frautschi formula). This suggest that n 
in Eq. ([5]) might be substituted by n -I- L, thus, result- 
ing in Eq. Unfortunately, we are not aware of solid 
arguments for such a replacement. 

The linear spectrum ([5]) is an exact result within a kind 
of dimension-two QCD, the 't Hooft model [l^]. The 
next-to-leading correction to Eq. ([5]) within this model, 
however, is O(lnn) rather than a constant. In this re- 
spect we should remind the reader that the 't Hooft 
model is defined in a specific sequence of Nc — > 00 limits, 
ruq — > while nig ^ g \/ ^/Wl, where ruq denotes cur- 
rent quark mass and g is coupling constant. In contrast 
to QCD, we cannot set niq = from the very beginning. 
On the other hand, if one takes into account the masses 
of current quarks in the derivation above, the logarithmic 
corrections emerge naturally (see, e.g., |2G|V 

A delicate point in such kind of reasoning is the rela- 
tive value of slope between radial and orbital trajectories. 
The matter is that = ^na in the derivation above, 
but A'P = l-KU according to the Chew-Frautschi formula. 
Naively, this leads to ~ L-|-2n rather than to Eq. 
A possible reason is that parity is not properly incorpo- 
rated: It is related to the orbital motion (defined through 
L) in three space dimensions, but in one space dimension 
it is related to the reflections of wave functions. Consid- 
ering the radial excitations of a one-dimensional object, 
one deals with the latter case, where the states alternate 
in parity, like in the 't Hooft model. The extraction of 
states with the same parity is then tantamount to enlarg- 
ing of the slope by two times. 

The note above is a particular manifestation of a gen- 
eral problem: A linear potential plus a semiclassical anal- 
ysis produces a necessarily different angular and radial 
slopes, for this reason it may be suggestive only and by no 
means may serve for justification of Eq. A derivation 
of Eq. (21) or Eq. ([1]) is a challenge for future quark mod- 
els [21|, presently these empirical relations do not have 
solid theoretical support. In particular, Eq. ([2]) implies 
the existence of a single "principal" quantum number, 
N — L + 71, like in a hydrogen atom [ll|, a development 
of this analogy could be far reaching. 
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III. FITS AND PREDICTIONS 

Using experimental masses from the Particle Data 
Group [l[ one can perform a global fit of the data by the 
linear spectrum. Such an analysis was performed in 
The result is that on average the masses of well known 
light nonstrange mesons behave as (in GeV^) 

A4^^p « 1.14(7V + 0.54), iV = 0,l,2. (7) 

One can consider the states observed by the Crystal Bar- 
rel experiment ^3], which allow us to extend Eq. ([7]) to 

= 3,4. It turns out that both slope and intercept are 
then changed negligibly 0]. Comparing Eqs. ^ and ([7]) 
we see that our guess on the "next-to- leading" correction 
is well compatible with the experimental data. 

Partly following 0, [1| , we classify the light nonstrange 
mesons according to the values of {L,n), see Table HI 
As seen from Table U the states with equal N = L + n 
are indeed approximately degenerate (one should read 
the data in a diagonal way, the frames are introduced 
for convenience). We will regard the averaged values of 
masses and widths at given N from [s^ as predictions for 
unknown states in the mass region under consideration. 
Thus, for M{N) we have (in MeV): M(0) w 785, M(l) w 
1325 ± 90, M(2) « 1700 ± 60 M(3) w 2000 ± 40, M(4) w 
2270 ± 40. Looking at Table [H we make the following 
predictions for the nonstrange mesons which still have 
not been observed. 

1. In the energy range 1700 ± 60 MeV there exists aq, 
/i, /92, ^2, as well as the second p and lo mesons. 
Their widths are approximately T = 200 ± 70 MeV. 
The state X(1650) with l'^{J^'^) = 0-(?--) cited 
in [l| might be a possible candidate for the pre- 
dicted uj or UJ2 mesons. The state X(1750) with 
lG(jPC^ :^??(1 — ) cited in [H might be a possible 
candidate for the predicted w ox p mesons. 

2. In the energy range 2000 ±40 MeV there exists the 
second lo meson. Its width is approximately F = 
220±70 MeV. The state X(1975) with I^iJ^^) = 
?■(?■■) cited in Q might be a possible candidate 
for the predicted u meson. 

3. In the energy range 2270 ± 40 MeV there ex- 
ists qq meson. Its width is approximately P = 
270 ± 60 MeV. The states X(2210) and X(2340) 
with I^{JP^) =?■(?■■) cited in [l] might be possi- 
ble candidates for the predicted oq meson. 

Thus, the nonrelativistic n^*+^Lj assignment based on 
Eq. ([2]) predicts eight nonstrange mesons in the energy 
range 1.6-2.3 GeV which have never been observed and 
are awaiting their discovery. 

Consider predictions of the CSR scenario based on 
Eq. ([1]). Evidently, all eight missing states above should 
also follow from this scenario if effective CSR takes place 
above 1.7 GeV. We will enumerate the predictions which 
go beyond these eight new mesons. 



1. 1700 ± 60 MeV. The indications on CSR are not 
solid in this mass region. Nevertheless, if CSR 
happens we may expect in the minimal scenario 
the appearance of parity partners for p^ and uj^ 
mesons — new 03 and mesons, respectively. 
If CSR leads to parity-chiral multiplets described 
in [12*] [the (1, 0) ® (0, 1) and (i, i) representations 
of SU{2)l X SU{2)ii)] then we should expect also 
the second ps and mesons and their (5,5) chiral 
partners, the /13 and 63 mesons. 

2. 2000 ±40 MeV. We should expect at least the par- 
ity partners for 04 and mesons — the states p4 
and UJ4. If CSR results in parity-chiral multiplets 
described in [l3| then we should expect also the sec- 
ond 04 and /4 states, their chiral partners 774 and 
7r4, and the second ps and uj^ mesons [all carry the 
representation (i, i)]. 

3. 2270 ±40 MeV. We should expect at least the par- 
ity partners for p^ and 105 mesons — the states 05 
and /s. If CSR leads to parity-chiral multiplets 
described in [l2| then we should expect also the 
second p5 and UJ5 states, their chiral partners /15 
and 65, and the second 04 and fi mesons [all carry 
the representation (i, i)]. 

Thus, the CSR scenario combined with a clustering of 
states expressed by Eq. ([T]) leads to a richer spectrum of 
high excitations. 

IV. CONCLUSIONS 

We have provided in a concise form the concrete spec- 
troscopic predictions which follow from recent discussions 
on global features of a light nonstrange meson spectrum. 

The assumption that relation ^ does not depend on 
quantum numbers of unflavored nonexotic mesons allows 
us to provide the whole spectrum with two input param- 
eters only, the universal slope and intercept. The qua- 
siclassical and some other arguments indicate that these 
inputs could be related. Fixing the physical values for the 
slope and intercept, universal relation ^ gives 100 non- 
strange mesons below 2.4 GeV, see Table HI Except in 
some rare cases, e.g., the Goldstone bosons, the agree- 
ment with the masses of known confirmed resonances 
from the Particle Data Group[l| and unconfirmed states 
observed by Crystal Barrel Q is impressive. There ex- 
ist only eight missing states which have never been ob- 
served. The predictions for their masses and widths are 
given and possible candidates are indicated. We do not 
see any theoretical reasons why those states should be 
absent in nature, most likely they still have been not 
detected experimentally. The seemingly random (factor 
isospin) distribution of missing states on the spectrum 
supports our belief. 

Relation ^ is at odds with the Lorentz group (an- 
gular momentum L is not conserved quantum number 
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TABLE I: Classification of light nonstrange mesons according to the values of {L,n). The states with the lowest star rating 
(according to 3]) are marked by the question mark, the states, which presumably have a large admixture of strange quark, are 
marked by the double question mark. 
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7r(140) 
7)(548)(??) 
p(770) 
u;(782) 


7r(1300) 
r?(1295)(??) 
p(1450) 
aj(1420) 


7r(1800) 
77(1760) 

P(?) 
coi?) 


7r(2070) 
77(2010) 
p(1900) 


7r(2360) 
77(2285) 
p(2150) 
cj(2205)(?) 



/o(1370) 
ao(1450)(??) 
ai(1260) 
/i(1285) 
&i(1230) 
/ii(1170) 
02(1320) 
/2(1275) 



p(1700) 
a;(1650) 
7r2(1670) 
7?2(1645) 

P2(?) 
^^2(?) 

P3(1690) 
a;3(1670) 



/2(2001) 
a2(2030) 
/3(2048) 
03(2031) 
63(2032) 
/i3(2025) 
/4(2018) 
04(2005) 



P3(2260) 
0)3(2255) 
P4(2230) 
O4(2250)(?) 
7r4(2250) 
774(2328) 
P5(2300) 
0)5(2250) 



/o(1770) 

ao(?) 
ai(1640) 

6i(1620)(?) 

/ii(1595)(?) 
02(1680) 
/2(1640) 



p(2000) 
o;(1960) 
7r2(2005) 
772(2030) 
P2(1940) 
o;2(1975) 
P3(1982) 
o;3(1945) 



/2(2293) 
02(2255) 
/3(2303) 
03(2275) 
63(2245) 
/i3(2275) 
/4(2283) 
04(2255) 



/o(2020) 
ao(2025) 

ai(1930)(?) 
/i(1971) 
bi(1960) 
/ii(1965) 

a2(1950)(?) 
/2(1934) 



p(2265) 
o;(2295)(?) 
7r2(2245) 
772(2267) 
P2(2225) 
0)2(2195) 
P3(2300)(?) 
0)3(2285) 



/o(2337) 
ao(?) 

oi(2270)(?) 
/i(2310) 
61 (2240) 
/7i(2215) 

02(2175)(?) 
/2(2240) 



in rclativistic quark-antiquark pair) and chiral symme- 
try restoration. Both obstacles can be overcome if one 
accepts relation ([TJ , the number of predicted states below 
2.4 GeV is then substantially larger. 

The discovery of indicated missing resonances in fu- 
ture experiments will constitute a crucial test for the two 
alternatives discussed in the paper, providing thereby an 
important step forward toward establishing final order in 
the spectroscopy of light mesons. 
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